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Is	CP	violated	only	in	the	K0	system?	1/3	

•  In1964	was	discovered	the	CP	viola)on	in	the	mixing	of	the	neutral	K	
system	(people	were	invoking	a	superweak	interac)on	that	
intervenes	in	the	transi)ons	with	ΔS=2).	

•  	The	direct	CP	viola)on	(with	ΔS=1)	was	experimentally	verified	more	
than	30	years	later.		

•  	In	1973	Kobayashi	and	Maskawa	made	the	hypothesis	of	the	
existence	of	3	quark	families	in	order	to	accomodate	a	phase	in	the	
quark	mixing	matrix	that	would	be	responsible	of	the	CP	viola)on	in	
the	weak	interac)ons.		

•  In	1974	was	discovered	the	quark	c	and	in	1977	the	quark	b	
•  	In	the	80s		start	the	search	for	the	quark	mixing	in	the	B0	system.			
•  	In	the	late	90s	start	the	search	of	the	CP	viola)on	in	the	B0	system.			



Click	to	edit	Master	/tle	style	

Claudio	Luci	–	Introduc)on	to	Par)cle	Physics	–	Chapter	9	 4	

Mixing	of	the	neutral	mesons	1/3	

• Besides	the	K0,	other	neutral	mesons	can	“mix”.	
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B	mesons	1/3	

Symbol	 Quark	 isospin	 Mass	
(GeV)	

S	 C	 B	 Life/me	(s)	

B+	 ub	 ½		 5.279	 0	 0	 1	 1.64x10-12	

B0	 db	 ½		 5.279	 0	 0	 1	 1.52x10-12	

B0S	 sb	 0	 5.366	 -1	 0	 1	 1.51x10-12	

B+C	 cb	 0	 6.275	 0	 1	 1	 0.51x10-12	
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Mixing:	Kaons	versus	B	mesons	1/3	

12 1 2Γ = Γ − Γ
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Mixing:	box	diagrams	1/3	

N.B.		We	get	the	coupling	in	every	vertex	through	the	CKM	matrix	elements	

		λ = sinθC
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B0	mixing:	Argus,	1987	1/3	
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CKM	matrix	and	CP	viola/on	1/3	
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Weak	interac)ons	eigenstates	are	not			
equal	to	strong	interac)ons	eigenstates	

•  Let’s	write	the	CKM	matrix	in	the	Wolfstein	formula)on,	useful	to	describe	the	CP	
viola)on	in	the	B	system	(there	is	a	phase	only	between	the	third	and	the	first	family):	

2 3

2 2 4
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Vtd		and	Vub	provide	the	weak	phase	necessary	to	have	CP	viola)on	in	the	B	mesons	decays.		

		λ = sinθC
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Unitarity	of	the	matrix:	V†V=1		1/3	

These	rela)ons	can	be	represented		
as	a	triangle	in	a	complex	plane		
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Unitarity	triangle	1/3	

•  Let’s	take	the	triangle	involving	Bd	mesons:	 0*** =++ tdtbcdcbudub VVVVVV

VudV*
ub 

VcdV*
cb 

VtdV*
tb 

φ1=β

φ2=α

φ3=γ

It	 is	convenient	to	normalize	all	unitarity	triangle	sides	to	the	base	of	the	triangle	(VcdV*
cb	=	Aλ3).				

In	the	plane	(ρ,η)	the	triangle	becomes:	

(0,0) 

φ1=β

φ2=α
φ3=γ

(1,0) 

(ρ, η) 

ρ

η Another	way	to	verify	the	CP	viola)on	in	
the	B	system	is	to	verify	that	the	area	of	
this	triangle	is	different	from	zero.	
For	instance	by	measuring	the	angle	β	

By	measuring	in	an	independent	way	all	sides	and	angles	of	the	triangles,	we	can	check	experimentally	
if	 the	 trangle	 “closes”.	 	 If	 this	were	not	 the	 case	 then	 it	would	be	 the	evidence	of	 new	physics	 not	
foreseen	by	the	Standard	Model.	
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How	to	measure	CP	viola/on	in	the	B0?	1/3	

•  Let’s	recall	the	technique	that	was	used	to	measure	the	CP	viola)on	in	the	K0	system:		

1.  We	get	a	pure	K2	beam	(this	is	possible	due	to	huge	difference	in	life)me	
between	the	two	CP	K1	and	K2,		so	we	only	need	a	long	decay	tunnel	to	get	rid	of	
the	K1	component)	

2.  We	look	for	K2	decays	in	the	“wrong”	CP	eigenstate.		
	

•  The	same	technique	can	not	be	used	to	study	CP	viola)on	in	the	B0	system,	because	
the	life)me	of	the	two	CP	eigenstates	is	about	the	same;	so	there	no	way	to	
separate	the	two	components	“by	wai)ng	long	enough”.		

•  So	we	need	another	“trick”.	CP	viola)on	is	due	to	a	phase	in	the	CKM	matrix	and	the	
only	way	to	measure	a	phase	is	through	an	interference	phenomenon.	We	need	to	
find	observables	that	are	sensi)ve	to	the	CP	viola)ng	phase.		
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CP	viola/on	in	the	B0	mesons		1/3	

•  We	have	three	mechanism	that	can	give	rise	to	CP	viola)on	in	the	B0	system:		
1.  	CP	viola)on	purely	in	mixing:	

	
	
	
	
this	is	the	main	effect	in	the	K0	system	but	it	is	expected	to	be	very	small	in	the	B	decays	

2.  CP	viola)on	in	decay	(oken	referred	to	as	direct	CP	viola)on)	

	
	
3.  	CP	viola)on	in	the	interference	between	decays	of	mixed	and	unmixed	mesons.	

	

BH = p B +q B

BL = p B −q B 		
if				 p

q
≠1		⇒ 	CP	is	violated	in	mixing

		
	
Af
Af

≠1		⇒ 	CP	is	viol.
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CP	viola/on	in	the	interference	1/3	

•  In	order	to	measure	the	phase	difference	we	use	as	interference	phenomenon	the	
B0	decay	in	a	final	state	f	that	is	a	CP	eigenstate,	that	can	proceed	through	two	
channels:		

	
Ø  the	direct	decay	of	B0	in	the	state	f;	
Ø first	the	mixing	B0	–an)	B0,	then	the	decay	of	the	an)	B0	in	the	state	f:			

	
	
	
	
	
•  	In	this	case	the	two	amplitudes	do	interfere	with	each	other;		
•  	N.B.	we	can	also	have	direct	CP	viola)on	if	the	two	decay	amplitudes	of	the	B0	and	
of	the	an)-B0	in	the	same	state	f	are	different.		

B0 

B0 
f 

CP no mixing 
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CP	viola/on	in	the	interference	1/3	

Next:	find	the	right	state	fCP	

	

BH = p B +q B

BL = p B −q B 	
Δm=mBH

−mBL
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Golden	channel:	B→	J/Ψ Ks	1/3	
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Problem:	how	do	we	dis/nguish	B0	from	B0?	1/3	



Click	to	edit	Master	/tle	style	

Claudio	Luci	–	Introduc)on	to	Par)cle	Physics	–	Chapter	9	 18	

Quantum	entanglement	in	Υ(4S)àB0B0	decays		1/3	
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Quantum	correla/on	at	Υ(4S)	1/3	
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Separa/ng	B0	and	B0	mesons	1/3	



Click	to	edit	Master	/tle	style	

Claudio	Luci	–	Introduc)on	to	Par)cle	Physics	–	Chapter	9	 21	

Ingredients	of	the	measurements	1/3	
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Results	1/3	
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B0B0	mixing:	fit	result	1/3	
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Global	fit	to	unitarity	triangle	1/3	

Several	independent	measurements,	including	some	ones	about	K0	system,	are	consistent	
with		the	“same”	vertex	of	the	triangle	à	no	hints	of	new	physics	beyond	SM	
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Direct	CP	viola/on		1/3	

  
B.R. B0 → f( ) ≠ B.R. B0 → f( )

•  If	the	decay	amplitudes	contains	a	phase	that	changes	sign	under	CP	transforma)on,	then:		

    | | | |i CP iA A e A A eφ φ−= → =

•  but	this	is	not	sufficient	to	have	CP	viola)on	because:	

2** |||||||||| AeAeAAAeAeAAA iiii ==== φ−φφφ−

•  In	order	to	have	CP	viola)on	we	must	have:	
				a)	two	amplitudes;	
				b)	two	phases	(weak	phase,	strong	phase);	
				c)	only	one	phase	change	sign	under	CP	(weak	phase).	
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The	Γ	of	the	two	processes	depend	on	
the		phases,	that	are	different	
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Direct	CP	viola/on:	Γ(B0à	f)	≠	Γ(B0à	f)			1/3	
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Observa/on	of	direct	CP	V.	in	B0	à	K-π+			1/3	
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End	


